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Objectives. We hypothesized that orthotopic heart transplanta- 
tion with bicaval and pulmonary venous anastomoses preserves 
atrial contractility. 
Background. The standard biatrial anastomotic technique of 
orthotopic heart transplantation causes impaired function and 
enlargement of the atria. Cine magnetic resonance imaging (MRI) 
allows assessment of atrial size and function. 
Methods. We studied 16 patients who had undergone bicaval (n = 
8) or biatrial (n = 8) orthotopic heart transplantation without 
evidence of rejection and a control group of 6 healthy volunteers. 
For all three groups, cine MRI was performed by combining 
coronal and axial gated spin echo and gradient echo cine se- 
quences. Intracardiac volumes were calculated with the Simpson 
rule. Atrial emptying fraction was defined as the difference 
between atrial diastolic and systolic volumes, divided by atrial 
diastolic volume, expressed in percent. All patients had right 
heart catheterization. 
Results. Right atrial emptying fraction was significantly higher in 
the bicaval (mean [-+SD] 37 -+ 9%) than in the biatrial group (22 _+ 
11%, p < 0.05) and similar to that in the control group (48 _+ 4%). 
Left atrial emptying fraction was significantly higher in the 
bicaval (30 -+ 5%) than in the biatrial group (15 -+ 4%, p < 0.05) 
and significantly lower in both transplant groups than in the 
control group (47 -+ 5%, p < 0.05). The left atrium was larger in 
the biatrial than in the control group (p < 0.05). Cardiac index, 
stroke index, heart rate and blood pressure were similar in the 
transplant groups. 
Conclusions. Left and right atrial emptying fractions are sig- 
nificantly depressed with the biatriai technique and markedly 
improved with the bicaval technique of orthotopic heart trans- 
plantation. The beneficial effects of the latter technique on atrial 
function could improve allograft exercise performance. 
(J Am Coil Cardiol 1995;25:932-6) 
Heart transplantation is most commonly performed with bia- 
trial anastomoses, a technique first described by Lower and 
Shumway (1). This surgical technique uses suture lines in both 
atria and results in enlargement of the atria (2), asynchronous 
contraction of the donor and recipient atria (3), a tendency for 
thrombus formation (4), conduction disturbances in 10% to 
30% of patients (5) and residual atrioventricular (AV) valve 
regurgitation (4,6). 
In recent years, a new surgical technique (7-9) has em- 
ployed bicaval and pulmonary venous anastomoses. The theo- 
retic advantages of this technique include smaller atrial vol- 
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umes, more synchronous function of each atrial chamber, more 
physiologic atrial contraction and reduced potential for throm- 
bus formation. 
Atrial size and function are most commonly assessed with 
echocardiography, which provides only limited information on 
atrial boundaries and volumes, especially of the right atrium 
(10). Cinc magnetic resonance imaging (MRI) allows assess- 
ment of atrial size and function by providing dynamic tomo- 
graphic images with high temporal and spatial resolution. We 
therefore applied this imaging technique to measure atrial 
volumes during the cardiac ycle and assessed atrial function 
by calculating the atrial emptying fraction. We compared these 
variables in normal volunteers and in patients who underwent 
heart ransplantation with the standard biatrial and the newer 
bicaval and pulmonary venous anastomotic technique. 
Methods  
Study patients. We selected patients after orthotopic heart 
transplantation the basis of the following criteria: 1) presence 
of mild or lesser degree of mitral regurgitation on Doppler 
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echocardiographic study performed >2 months postoperatively; 
2) performance of right heart catheterization a d endomyocar- 
dial biopsy within 72 h of MRI; 3) no evidence of rejection on 
endomyocardial biopsy; 4) absence of electronic pacemaker, 
intracranial aneurysm clips, claustrophobia, marked obesity or 
other contraindication to cine MRI; 5) presence of normal sinus 
rhythm of the donor heart. These criteria were utilized to enable 
accurate assessment of atrial function in the absence of clinically 
significant rejection or AV valve regurgitation. 
By these criteria, 16 patients who underwent transplanta- 
tion between May 1989 and September 1993 and were avail- 
able during February and March 1994 qualified for inclusion in 
the study. There were 14 men and 2 women. We reviewed the 
hospital and follow-up records and donor charts for these 
patients, with attention to the age of the donors and recipients, 
pulmonary vascular resistance and preoperative New York 
Heart Association functional class of the recipients, dosage of 
dopamine support before donor heart procurement, operative 
ischemic time, length of intensive care unit stay and total 
hospital stay after transplantation. 
Six normal healthy volunteers, four men and two women, 
without a history of cardiovascular disease, hypertension or
diabetes mellitus were studied as a control group. They were 
selected to match the age range of the heart donors (25 to 40 
years) and had a mean age of 30.7 _+ 6.7 years (range 22 to 38). 
The study was approved by the Institutional Review Board 
of the hospital, and informed consent was obtained from all 
subjects. 
Surgical technique, postoperative follow-up and treatment. 
The standard technique of orthotopic heart transplantation 
with biatrial anastomoses was used in the first eight patients 
(operation between May 1989 and September 1991). The 
subsequent eight patients underwent heart transplantation 
using bicaval and pulmonary venous anastomoses (between 
January 1992 and September 1993). Donor heart preservation 
consisted of hypothermic cardioplegic arrest after perfusion 
with St. Thomas' Hospital solution (eight patients) or Stanford 
solution (eight patients) and hypothermic storage (4°C). 
All patients received an induction course of murine mono- 
clonal antibody muromonab-CD3 (Orthoclone-OKT3, Ortho 
Biotech) for 10 to 14 days. Triple-drug immunosuppression 
was used, consisting of cyclosporine, azathioprine and pred- 
nisone. 
Endomyocardial biopsy and right heart catheterization 
were performed in all patients. Patients were excluded if they 
had significant cellular ejection (grade ->IB) according to the 
International Society for Heart and Lung Transplantation 
criteria (11) or humoral rejection as diagnosed by histologic 
findings and positive immunofluorescence for immunoglobu- 
lins and complement (12). During right heart catheterization, 
mean right atrial, pulmonary artery and mean pulmonary 
capillary wedge pressures and cardiac output were measured, 
and stroke index was calculated. 
Magnetic resonance imaging. All cine MRI data were 
acquired on a 1.5-tesla system (Signa, General Electric Medi- 
cal Systems). The body coil was used for signal transmission 
and reception. The first two sequences were cardiac-gated spin 
echo sequences in the coronal and axial planes with the 
following parameters: 15 ms echo time, 256 X 192 matrix, 
superior and inferior saturation pulses, two excitations and 
7-ram thick sections with 3-ram interslice gaps. Coronal and 
axial gradient-recalled cho cine images were then acquired 
and covered the central pulmonary arteries and entire heart. 
These gradient-recalled cho cine sequences used the follow- 
ing parameters: 75/12 (repetition time/echo time), 30 ° flip 
angle, 256 x 128 matrix, 2 excitations, first-order gradient- 
moment nulling in the readout, and respiratory compensation. 
Cardiac-synchronized incrementation f the phase ncoding as 
well as 16 phases of the cardiac cycle were incorporated. The 
slice profiles were 10-ram thick, and there was no interslice 
gap. 
Cardiac hamber volumes were analyzed by displaying the 
images on a computer monitor in a cinematic mode, thereby 
permitting changes in cardiac hamber size to be observed. For 
each slice containing an atrial chamber, the boundaries of the 
atrium were traced manually by means of a trackball cursor; 
the atrial appendage was included. The cross-sectional rea 
was calculated by planimetry for each atrial chamber sepa- 
rately with the use of software available on the computer. A
slice showing both atrial chambers with the largest combined 
area was examined to determine the timing of atrial systole 
(smallest area) and diastole (largest area); these designated 
frames were used to identify systole and diastole in the 
remaining slices. For each chamber, the cross-sectional reas 
during systole or diastole were added and multiplied by the 
slice thickness (10 ram) to obtain the atrial volumes. Ventric- 
ular volumes and ejection fractions were calculated in a similar 
manner. All calculations were performed after consensus by 
two independent observers. 
Atrial emptying fraction was calculated as the difference 
between atrial diastolic and systolic volumes, divided by atrial 
diastolic volume, expressed in percent. Atrioventricular valve 
regurgitation was detected by the extent of signal oss in the 
atrium during ventricular systole and was graded semiquanti- 
tatively on a scale of 0 to 4+ in a manner similar to that used 
for Doppler echocardiography (13). 
Statistical methods. One-way analysis of variance (ANOVA) 
was used to test for differences among the two surgical 
technique groups and the control group. Calculations were 
performed by the SAS procedure (14) ANOVA. When the 
overall result was significant (p < 0.05), pairwise tests were 
made using the Bonferroni correction to adjust for multiple 
comparisons. Two-way comparisons were performed by using 
the two sample t test for continuous data and the Pearson 
chi-square or Fisher exact est for categoric data. The data are 
displayed as mean value _+ SD or percent where appropriate. 
Resu l ts  
Patient characteristics and clinical course. Among our 16 
patients who were studied after heart transplantation, the 
standard technique of biatrial anastomosis was applied in 8, 
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Table 1. Demographic and Perioperative Characteristics of 16 
Orthotopic Heart Transplant Recipients 
Biatrial Group Bicaval Group p 
(n - 8) (n = 8) Value 
Age (yr) 54.5 + 10.2 54.6 + 11.6 (I.98 
Men 7 (88%) 7 (88%) 1.00 
Left ventricular ejection fraction 19.3 +_ 4.0 19.0 + 6.6 0.93 
before transplantation (%) 
Pulmonary vascular esistance 2.5 = 1.4 2.5 + 2.3 0.98 
before transplantation 
(Woods U) 
NYHA class Ill or IV 8 (100%) 7 (88%) 
Donor age (yr) 28.5 _+ 10.9 29,8 + 11.8 0.83 
Preprocurement of dopamine 6.2 _+ 4.1 8.4 = 8.6 I).53 
dose in donors 
(p_g/kg per rain) 
Ischemic time (rain) 128 _+ 43 154 _+ 31 0.17 
Length of hospital stay (days) 
ICU 4.4 _+ 1.7 5.0 + 1.9 0.49 
Total 18.5 + 4.7 15.5 + 1.2 0.12 
Interval between transplantation 48 _+ 11 15 + 8 0.0001 
and MRI study (mos) 
All data are expressed as mean value _+ SD or number (%) of patients. 
Biatrial Group = patients who underwent ransplantation with the biatrial 
anastomotic technique: Bicaval Group = bicaval and pulmonary venous anasto- 
motic tcchniquc; 1CU - intensive care unit; MRI = magnetic resonance 
imaging; NYHA class = New York Heart Association functional class. 
and bicaval and pulmonary venous anastomosis in the other 8. 
There were no significant differences in the age and gender of 
the 16 recipients, age of donors and preprocurement i otropic 
support in the donors (Table 1). The clinical characteristics of 
the recipients before transplantation, including left ventricular 
ejection fraction, New York Heart Association functional class 
and pulmonary vascular resistance, were similar. Ischemic time 
was slightly longer for the bicaval group (p = NS). Postoper- 
ative recovery times were similar, as reflected by the length of 
stay in the intensive care unit and the total postoperative 
hospital stay. 
Cine magnetic resonance imaging data. Cine MRI vari- 
ables for the two transplant groups and the control subjects are 
presented in Table 2. Right atrial function, as assessed by the 
emptying fraction, was significantly better in the bicaval (37 _+ 
9%) than in the biatrial group (22 _+ 11%, p < 0.05) and did 
not differ significantly between the bicaval group and the 
control group (48 _+ 4%, p - NS). Right atrial emptying 
fraction in the biatrial group was significantly ower than that 
in the control group (p < 0.05). Left atrial emptying fraction 
was significantly better in the bicaval than in the biatrial group 
(30 _+ 5% vs. 15 _+ 4%, p < 0.05) but was significantly ower in 
both of these groups than in the control group (47 _+ 5%, p < 
0.05). Left atrial diastolic volume, measured at the time 
coincident with the largest combined area of both atrial cham- 
bers, was much greater in the biatrial group than in the control 
subjects. Right atrial diastolic volume in the biatrial group was 
also larger than that in the bicaval group and the control group, 
but the differences were not statistically significant (Table 2). No 
atrial filling defects uggestive of thrombi were seen. 
Table 2. Selected Magnetic Resonance 
Hemodynamic Variables 
Imaging and 
Biatrial Bicaval Control 
Group Group Group 
(n = 8) (n - 8) (n = 6) 
Right atrial emptying fraction (%) 22 + 11" 37 _+ 9* 48 + 4 
Left atrial emptying fraction (%) 15 + 4* 30 _+ 5** 47 _+ 5 
Right atrial diastolic volume (ml) 152 _+ 127 80 _+ 24 87 -+ 26 
Left atrial diastolic volume (ml) 139 _+ 37* 107 + 37 84 + 12 
Right ventricular ejection fraction (%) 48 _+ 5 52 + 7 54 _+ 4 
I~ft vcntricular ejection fraction (%) 54 _+ 5* 54 + 6* 62 _+ 5 
Right atrial pressure (ram Hg) 7 + 5 5 _+ 3 - 
Pulmonary artery systolic pressure 32 + 8 28 -- 9 
(mm Hg) 
Pulmonary capillary wedge pressure 12 +_ 4 11 + 5 - 
(ram Hg) 
Stroke index (ml/min per m 2) 34 + 9 32 _+ 5 - 
Cardiac index (liters/min per m 2) 2.7 + 0.6 2.8 _+ 0.7 - 
Systolic blood pressure (mm Hg) 125 _+ 11 133 + 20 - 
Heart rate (beats/rain) 80 _+ 14 88 -+ 9 - 
*Significantly different (p < 0.05) from value in the control group. 
tSignificantly different (p < (I.051 from value in the biatrial group. Comparisons 
among biatrial, bicaval and control groups adjusted for multiple comparisons 
using Bonferroni correction. All values are expressed as mean value _+ SD. 
Control group normal control subjects; other definitions as in Table 1. 
Left ventricular ejection fraction did not differ significantly 
between the two transplant groups (Table 2). Although within 
normal imits, left ventricular ejection fraction was lower in 
these two groups than in the control group. Right ventricular 
ejection fraction did not differ among the three groups. No 
subject in any of the three study groups had significant mitral 
regurgitation. Moderate tricuspid regurgitation was detected 
only in two patients who underwent transplantation with the 
biatrial technique. 
Hemodynamic variables. No difference between the two 
transplant groups was found in the hemodynamic variables of 
right atrial, pulmonary artery systolic and mean pulmonary 
capillary wedge pressures (Table 2). Cardiac and stroke in- 
dexes were similar. Systolic blood pressure and heart rate were 
higher in the bicaval than in the biatrial group (p = NS). 
Discuss ion  
This is the first study using cine MRI to demonstrate hat 
atrial function, as measured by the right and left emptying 
fractions, is decreased with the standard biatrial anastomotic 
surgical technique and is markedly improved with the bicaval 
and pulmonary venous technique of orthotopic heart trans- 
plantation. These findings are consistent with more synchro- 
nous and complete contraction of each atrial chamber when 
the bicaval and pulmonary venous anastomotic echnique isused. 
The present study extends the use of cardiac cine MRI 
techniques to include assessment of atrial volumes and emp- 
tying fractions. Atrial volumes were determined without geo- 
metric assumption by using the Simpson rule (15) with a 
relatively small (10-mm) slice thickness. Cine MRI has been 
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shown (16,17) to be an accurate noninvasive method to 
determine ventricular volumes. In contrast, ransthoracic e ho- 
cardiographic measurement of atrial volume requires certain 
geometric assumptions (e.g., prolate ellipsoid or ellipsoid of 
revolution) that may reduce the inherent accuracy of the 
technique (10). Because the atria do not have a simple 
geometric shape, echocardiographic techniques may lead to 
greater errors in estimation ofvolume. Techniques such as cine 
MRI that are well suited to application of the Simpson rule 
should allow more accurate valuation of atrial volumes. 
Atrial physiology after heart transplantation. Previous 
studies (2,4) have shown that characteristics of a heart trans- 
planted with the biatrial technique include marked atrial 
enlargement, altered atrial geometry and AV valve regurgita- 
tion. Studies of atrial physiology have focused on aspects of left 
atrial function. Asynchronous contraction of the left atrium 
has been associated with reduced atrial transport and impaired 
left ventricular filling (3). When recipient atrial contraction 
occurs in early diastole (rather than in late diastole or systole), 
late diastolic transmittal flow is virtually abolished and total 
diastolic transmitral flow is significantly reduced (3). However, 
even optimally timed recipient atrial contraction adds only 
16% to transmitral flow (flow velocity integral increased from 
10.5 to 12.2), implying that the donor atrial contribution to 
atrial emptying predominates and that the recipient contribu- 
tion is small (3). Furthermore, spontaneous echocardiographic 
contrast has been demonstrated bytransesophageal echocar- 
diography (4,18). This finding has been described in patients 
with a mitral prosthesis or severe mitral stenosis, two condi- 
tions that are frequently associated with atrial fibrillation and 
stasis of blood flow (19,20); it has been suggested that red cell 
aggregates occurring during stasis of flow may be responsible 
for this phenomenon. Taken together, these findings in pa- 
tients who have undergone transplantation with the biatrial 
technique suggest that the problem is not only asynchronous 
contraction, but also poor atrial transport and depressed 
overall atrial function due to reduced contractility of the 
recipient left atrium. Other than describing spontaneous echo- 
cardiographic ontrast, right atrial physiology has not been 
studied in either transplantation technique. 
Both mitral and tricuspid regurgitation occur commonly 
after heart transplantation with the biatrial technique. The 
greater incidence of significant (moderate or severe) tricuspid 
regurgitation than of mitral regurgitation (6-9,21) may explain 
the lesser frequency of spontaneous echocardiographic con- 
trast observed in the right atrium after transplantation with this 
technique. Biopsy-induced tricuspid regurgitation occurs after 
transplantation with the biatrial technique (22) and probably 
occurs as frequently with the bicaval technique. In the present 
study, moderate tricuspid regurgitation was detected in two 
patients who underwent transplantation with the biatrial tech- 
nique and in none treated with the bicaval technique. 
Combined heart-lung transplantation shares certain fea- 
tures of the bicaval and pulmonary venous anastomotic tech- 
nique of orthotopic heart ransplantation. I  both techniques, 
the donor atrial cavities are transplanted almost completely 
intact, except for a small cuff around the pulmonary veins with 
the bicaval technique (23). Previous tudies have demonstrated 
differences in patterns of active left ventricular filling (i.e., left 
atrial function) when comparing patients with a heart-lung 
transplant with those who have undergone the standard bia- 
trial technique of heart ransplantation. Heart-lung transplant 
recipients had a significantly higher contribution to active left 
ventricular filling (24). Given the structural similarities be- 
tween heart-lung transplantation a d the bicaval and pulmo- 
nary venous anastomotic technique, it is not surprising that 
atrial function was found to be better with the bicaval than with 
the biatrial technique in the present study. 
Hemodynamic data at rest did not differ significantly be- 
tween the biatrial and bicaval groups in our study. Studies of 
exercise hemodynamics or radionuclide studies constitute ar- 
eas of future investigation that would provide evidence of a 
physiologic advantage to the bicaval technique if better exer- 
cise performance were documented. 
Limitations of the study. In this study, we measured total 
atrial emptying, which is the sum of passive and active atrial 
emptying. Because contraction of the donor and recipient 
components of the atria occurs asynchronously with the biatrial 
technique, separation of the active and passive components is 
complex and difficult in contrast to the more straightforward 
analysis of the synchronous pattern of contraction in the 
bicaval and pulmonary venous anastomotic echnique. Because 
of this important physiologic difference between the two 
techniques inthe coordination and timing of atrial contraction, 
we could not measure active atrial emptying in the present 
study. However, a cine MRI technique that uses left atrial 
volumes gated to the R wave of the electrocardiogram has 
been described (25). This imaging technique may be helpful in 
future investigations, but separation of active and passive 
phases of atrial emptying would remain difficult with the 
biatrial technique because of asynchronous contraction of 
donor and recipient atria. 
A possible limitation of this study is the longer time interval 
to cine MRI examination i patients treated with the biatrial 
technique. However, depressed atrial function and reduced left 
ventricular filling have been demonstrated both early (1 to 3 
months) and late (1 to 11 years) after transplantation with the 
biatrial technique, with no significant change during the inter- 
val (26). Therefore, our findings in the biatrial group are 
unlikely to be time dependent and can be applied to an earlier 
time interval, in the absence of rejection or other events that 
may affect ventricular filling. For this reason, patients were 
studied only if they were free of rejection. 
Conclusions. In summary, using cine MRI, we have dem- 
onstrated that the bicaval and pulmonary venous anastomotic 
technique for orthotopic heart ransplantation, although tech- 
nically more difficult han the standard biatrial surgical tech- 
nique, offers improved left and right atrial function. Further 
studies of atrial and ventricular function during stress are 
indicated. 
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